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Introduction
Bleomycins (BLMs) are a class of glycopeptide antibiotics that are isolated from Streptomyces Verticillus. [1] This class consists of 200 structurally related compounds, of which bleomycins A 2 and B 2 , under the name Blenoxane, are used in the clinical treatment of head, neck, and testicular cancers. [2] [3] [4] [5] Both in vivo and in vitro, the iron complex of bleomycin (Fe-BLM) is capable of inducing both single-strand and double-strand DNA cleavage. [1, 6] The cytotoxicity of BLM is believed to be mainly the result of the doublestrand DNA cleavage activity and only to a lesser extent caused by single-strand DNA cleavage. [7] It is important to recognize that single-strand DNA (ssDNA) cleavage and double-strand DNA (dsDNA) cleavage represent different pathways. Single-strand DNA cleavage is obtained when one oxidation equivalent is delivered to DNA and, through a cascade of reactions, causes a single strand of DNA to break: a nick. When the DNA-cleaving agent does not exhibit sequence selectivity, that is, it cleaves the DNA at random positions, it will continue to nick the DNA until a new nick is sufficiently close to an existing nick in the opposite strand to cause the DNA to separate. Since this is a statistical process, a DNA ds break will only occur after extensive ss cleavage. In vivo, a single-strand DNA break is rapidly repaired by the cellular repair mechanisms. [7] Double-strand DNA cleavage is the result of two successive strand scissions in opposite strands in close proximity to each other, resulting in a double-strand break. [8] This pathway requires the delivery of two oxidizing equivalents to the DNA helix. BLM is capable of doing this, although the precise nature of the oxidizing species is still under debate. [9] Although repair of double-strand DNA cleavage is possible, [10] repair of single-strand DNA cleavage is much more likely to occur. [7] Abstract: The cytotoxicity of the antitumor drug BLM is believed to be related to the ability of the corresponding iron complex (Fe-BLM) to engage in oxidative double-strand DNA cleavage. The iron complex of the ligand N4Py (Fe-N4Py; N4Py = N,N-bis(2-pyridyl)-N-bis(2-pyridyl)methylamine) has proven to be a particularly valuable spectroscopic and functional model for Fe-BLM. It is also a very active oxidative DNA-cleaving agent. However, like all other synthetic Fe-BLM mimics, it gives only single-strand DNA cleavage. Since double-strand DNA cleavage requires the delivery of two oxidizing equivalents to the DNA, it was envisaged that multinuclear iron complexes might be capable of effecting double-strand cleavage. For this purpose, a series of ditopic and tritopic N4Py-derived ligands has been synthesized and the corresponding iron complexes have been evaluated for their efficacy in the oxidative cleavage of supercoiled pUC18 plasmid DNA. The dinuclear iron complexes showed significantly enhanced double-strand cleavage activity compared to mononuclear Fe-N4Py, which was relatively independent of the structure of the linking moiety. Covalent attachment of a 9-aminoacridine intercalator to a dinuclear complex did not give rise to improved double-strand DNA cleavage. The most efficient oxidative doublestrand cleavage agents proved to be the trinuclear iron complexes. This is presumably the result of increased probability of the simultaneous delivery of two oxidizing equivalents to the DNA.
Keywords: artificial nucleases · DNA cleavage · double-strand cleavage · iron · multitopic complexes Much effort has been devoted to mimicking the chemistry of Fe-BLM with synthetic model complexes. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Many of these complexes have proven to be capable of cleaving DNA in the presence of a metal source and O 2 . [15, 16] However, all of these synthetic mimics have proven to be capable only of effecting single-strand DNA cleavage. [23] In our group, the pentadentate ligand N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine (N4Py, 1; Figure 1 ) has been designed as a mimic of the metal-binding domain of BLM. [24] [25] [26] Its acridine-tethered derivative has proven to be an efficient DNA-cleaving agent when using O 2 as terminal oxidant, without requiring addition of a sacrificial reductant. [24] However, as with other synthetic BLM mimics, only single-strand DNA cleavage was achieved.
Since double-strand cleavage requires the delivery of two oxidizing equivalents to the DNA, we hypothesized that covalently linking two single-strand cleaving agents, for example, Fe-N4Py, might effectively give rise to double-strand cleaving agents. [27] Recently, we reported on a binuclear iron complex, based on N4Py, that showed significantly enhanced double-strand cleavage activity. [28] Multinuclear copper complexes have also been investigated in relation to DNA cleavage. [29] [30] [31] [32] [33] [34] [35] [36] [37] It has been reported that dinuclear copper complexes show increased activity compared to their mononuclear counterparts. Moreover, with these dinuclear complexes, selective cleavage at junctions between single-and double-strand DNA was observed.
In a related study, a relationship was observed between DNA-cleavage activity and the relative orientation of the copper complexes. Covalent attachment of a third copper complex, that is, formation of a trinuclear copper complex, led to reduced activity. [37] Here, we present a study on the design of di-and tritopic ligands and their effect on iron-catalyzed oxidative DNA cleavage. Furthermore, efforts have been made to further increase the double-strand cleavage activity by covalent attachment of a 9-aminoacridine DNA binding moiety to a dinuclear complex.
Results and Discussion
Synthesis of the ligands: The ligands employed in this study are shown in Figure 1 . In all cases, the ligands were prepared starting from a common precursor, that is, N4Py propyl amine 9. [24] The ditopic ligands 2-4 and the tritopic ligand 7 were prepared in moderate to good yields by reaction of 9 with the appropriate N-hydroxysuccinimide-activated esters 10-13, following a procedure reported previously (Scheme 1). [28] For the synthesis of the tritopic ligand 8 with a flexible core, a slightly modified approach was used (Scheme 2). The core moiety was prepared starting from 4-ketopimelic acid. Benzyl-protection of the carboxylic acid groups was fol- www.chemeurj.org lowed by a Horner-Wadsworth-Emmons reaction between 14 and triethyl phosphonoacetate to give compound 15. Hydrogenation of 15 resulted in reduction of the double bond with concomitant removal of the two benzyl protecting groups. Finally, hydrolysis of 16 yielded the triacid 17. Coupling of triacid 17 with 9 in the presence of EDC, HOBt, and N,Ndiisopropylethylamine (DIEA) in dichloromethane [38] was found to be most efficient; the target tritopic ligand 8 was obtained in an excellent yield of 90 %.
The first step towards the acridine-containing target ligands 5 and 6 was the synthesis of the corresponding alkylated isophthalic acid derivatives 18 and 19. The synthesis of 18 required the use of dimethyl 5-hydroxyisophthalate as starting material, since the free diacid (5-hydroxyisophthalate) was found to be unreactive with regard to alkylation (Scheme 3). The re-action between dimethyl 5-hydroxyisophthalate and Bocprotected aminopropyl bromide 20 in acetone in the presence of K 2 CO 3 furnished 21, hydrolysis of which yielded the diacid 18.
The synthesis of isomer 19 proved to be somewhat more laborious (Scheme 4). First, 2-methoxyisophthalic acid was converted into the corresponding dimethyl ester 22. Removal of the methyl of the methoxy group by reaction with BBr 3 in dry CH 2 Cl 2 at À80 8C yielded dimethyl 2-hydroxyisophthalate (50 % over two steps; 23). Finally, alkylation of the alcohol with Boc-protected bromopropylamine 20 in DMF in the presence of K 2 CO 3 yielded 24, which was hydrolyzed to the desired diacid 19.
Peptide coupling conditions (EDC/HOBt/N,N-diisopropylethylamine) for the reactions between the dialkylated isophthalic acids 18 and 19 and N4Py propylamine 9 furnished 25 and 26 in quantitative and 70 % yields, respectively (Scheme 5). The Boc protecting group was removed by overnight treatment with a 10 % solution of TFA in CH 2 Cl 2 . The isolation of 27 and 28 was complicated by the high solubility of these compounds in water. The final step involved coupling of the free amines with 9-chloroacridine. [24] The resulting ditopic ligands 5 and 6 were isolated as their HCl salts in quantitative yields. After treatment with aqueous NaOH the free base was obtained, which was used for characterization. The HCl salts of 5 and 6 showed good stability; no signs of degradation were observed after prolonged storage. In contrast, the free base showed signs of degradation within a few days.
Complexation: The corresponding iron(II) complexes 29-36 of the ligands 1-8 were generated in situ by complexation with (NH 4 ) 2 Fe II A C H T U N G T R E N N U N G (SO 4 ) 2 ·6 H 2 O immediately prior to use (Scheme 6).
The uptake of one iron(II) ion per N4Py moiety was confirmed by titration of (NH 4 ) 2 Fe II A C H T U N G T R E N N U N G (SO 4 ) 2 against a selection of ligands, with monitoring by 1 DNA cleavage with the dinuclear complexes: The DNA cleavage activities of the Fe II complexes 29-36 were studied using supercoiled pUC18 plasmid at 37 8C. Although DNA cleavage activity was also observed in the absence of reducing agents, the experiments were carried out in the presence of 1 mm dithiothreitol (DTT) as a reductant to increase the rate of DNA cleavage. The final concentration of the cleaving agent was 1 mm based on Fe II , with a stoichiometry of 1:150 with respect to DNA base pairs. This corresponds to a catalyst loading of 0.6 mol %. Figure 4 shows the time dependences of the DNA cleavage activities for the iron complexes 29 (mononuclear) and 31 (dinuclear). Extensive DNA cleavage was observed with all of the complexes. The main difference was in the amount of linear DNA that was formed during the reaction. With the dinuclear complexes 30-32, a sudden increase in the amount of linear DNA was observed after about 10 min, which was not seen with Fe II -N4Py (29) . After 60 min, the fractions of linear DNA were 5 % and 30 % for 29 and 31, respectively. Beyond this time, the complexes remained active and continued to cleave DNA, but the DNA cleavage activity could no longer be quantified. [6, 40] The same reactivity pattern has been observed previously with other N4Pybased dinuclear complexes having different linking moieties. [28] In the case of complexes 30-32, approximately equal amounts of linear DNA were produced, [39] indicating that these complexes show comparable activities towards doublestrand DNA cleavage.
The numbers of single-strand and double-strand cuts were determined for each sample by statistical analysis using the Poisson distribution. [41] Figure 5 shows a plot of the number of double-strand breaks (m) versus the number of singlestrand breaks (n) for the complexes 29-32. From this plot, it is quite clear that complex 29 is a typical single-strand cleaving agent since it follows the Freifelder-Trumbo relationship, which describes a purely single-strand cleaving pathway. [8] In other words, double-strand cleavage occurs only after extensive nicking of supercoiled DNA has taken place. The plots for complexes 30-32 initially follow the Freifelder-Trumbo relationship, but then suddenly show a strong in-crease in the number of double-strand cuts (m) with respect to the number of single-strand cuts (n). This is a clear indication that more linear DNA is formed via a direct doublestrand DNA cleavage pathway. Such a sudden increase in ds cleavage activity has been observed previously, whereupon it was demonstrated that the dinuclear iron complexes were more efficient in bringing about double-strand cleavage of nicked DNA than that of supercoiled DNA. [28] In view of their structural similarity to the present complexes, this is most likely the case here as well.
Nearly identical m/n ratios were calculated for 30-32, within the uncertainty limits of the data. Apparently, the topology of the dinuclear complexes has little influence on the DNA oxidation activity or on the type of cleavage pathway. In this respect, the dinuclear iron complexes behave differently to the previously studied dinuclear copper complexes. Guo and co-workers found clear differences in the DNA oxidation activities between 1,3-and 1,4-disubstituted phenyl-based dicopper complexes. [37] The differences be-tween these complexes were rationalized by assuming a cooperative interaction between the two copper centers to activate dioxygen (or hydrogen peroxide) in the case of the 1,3-substitution pattern. The fact that the DNA-cleavage results with the present dinuclear iron complexes are not dependent on ligand topology suggests that the two iron centers activate dioxygen independently.
In an attempt to further increase the activity and doublestrand cleavage selectivity, ditopic Fe-N4Py complexes 33 and 34 containing a DNA-intercalating 9-aminoacridine moiety were prepared and tested. In the case of mononuclear iron complexes, this gave rise to significantly enhanced DNAcleavage activity. [24] Depending on the substitution pattern of the central phenyl core, significantly different results were obtained in the DNA-cleavage experiments. A much slower consumption of supercoiled DNA was observed for 33 (t 1/2 % 25 min) compared to 34 (t 1/2 % 10 min). The rate of consumption of supercoiled DNA by the latter complex was comparable to that by dinuclear complexes not bearing the acridine moiety (see above). Furthermore, hardly any linear DNA was produced within 1 h when 33 was employed as catalyst ( ure 6a), whereas more than 30 % of linear DNA was formed within the same period with 34 ( Figure 6b) .
A plot of the average number of double-strand versus single-strand DNA cuts for 33 and 34 ( Figure 7) shows a similar pattern for both complexes; initially, the Freifelder-Trumbo relationship (dashed line) is followed, implying a single-strand cleavage pathway. In the later stages of the reaction, double-strand cleavage activity is observed, similar to what was seen with 30-32, albeit with less efficiency.
Interestingly, complex 34 displayed double-strand DNA cleavage even in the early phase of the reaction (n > 0.5), whereas complex 33 required a higher number of singlestrand cuts (n % 2) before double-strand DNA cleavage commenced.
The observed difference between the acridine complexes is most likely related to the relative positioning of the acridine moiety with respect to the two FeA C H T U N G T R E N N U N G (N4Py) moieties. When the acridine of complex 33 (with a 1,3,5-substitution 31) . Error bars represent the rootmean-square (rms) error based on three runs. A correction factor of 1.31 was used to compensate for the reduced ethidium bromide uptake capacity of supercoiled DNA. [28] [8] Error bars represent the uncertainty of the data, based on a Monte Carlo simulation, taking into account a standard deviation s of 0.03. [39] www.chemeurj.org pattern at the central phenyl moiety) intercalates with the DNA, the two active iron moieties are pointing away from the DNA, thus reducing the DNA-cleavage activity. In contrast, due to the 1,2,3-substitution pattern, the iron centers of complex 34 are pointing towards the DNA and can engage in its oxidation. From these results, it is clear that no beneficial effect is obtained from attaching a DNA intercalator; at best the ds cleavage activity is slightly less than that of the binuclear complexes without an acridine moiety. Presumably, the highly cationic binuclear iron complex already has a very strong affinity for DNA and, hence, an additional DNA-binding moiety has no added advantage. However, more research is required to further substantiate these findings.
DNA cleavage with the trinuclear complexes: A similar cleavage pattern was observed for [(7)Fe II 3 ] 6 + (35) and [(8)Fe II 3 ] 6 + (36) (Figure 8 ). Initially, only nicked DNA was formed, and linear DNA was only formed after a short lag period, as was also observed with the dinuclear complexes. It seems that 35, which has a phenyl core, is more effective in producing linear DNA than the trimer 36 possessing a more flexible core. In the case of 35, 30 % of the DNA is in the linear form after just 30 min. Within the same time, only 20 % linear DNA is obtained with 36; a reaction time of 60 min is required for the fraction of linear DNA to reach 30 % (Figure 8 ). Taken together, these results suggest that both complexes display double-strand cleavage, but that the more rigid complex 35 has higher activity.
As before, a plot of double-strand cuts versus singlestrand cuts shows that, initially, only single-strand cuts are observed for both complexes (Figure 9 ). In the course of the reaction, double-strand cuts are observed as well. Although the trinuclear complex 35 produces double-strand cuts somewhat more quickly than trinuclear complex 36, this is not reflected in the m/n ratio. This points to a similar cleavage pathway, albeit with different reaction rates. Compari-son of the results with those obtained for a dinuclear complex, namely the 1,3-substituted phenyl dinuclear complex 31, revealed a similar trend ( Figure 9 ).
However, for the trinuclear complexes, the introduction of double-strand breaks in the DNA was observed at an earlier stage of the reaction and generally higher m/n ratios were found. This suggests that the trinuclear complexes are . The dotted line is the Freifelder-Trumbo relationship. [8] Error bars represent the uncertainty of the data, based on a Monte Carlo simulation, taking into account a standard deviation s of 0.03. more efficient double-strand cleaving agents, but it should be emphasized that the increase in double-strand cleavage activity is not as large as was observed on going from mononuclear complexes to dinuclear complexes. The higher double-strand cleavage activity is most likely the result of the increased probability of simultaneous delivery of multiple oxidizing equivalents to both DNA strands within 16 base pairs of each other.
Conclusion
In the present study we have shown that oxidative doublestrand DNA cleavage activity can be achieved by using multinuclear iron complexes based on the N4Py ligand scaffold. Although these complexes are still not as efficient as Fe-BLM, they are nevertheless are the most efficient synthetic iron-based double-strand DNA-cleaving agents known to date. Compared to mononuclear iron complexes, binuclear iron complexes show significantly enhanced double-strand cleavage activity, which appears to be affected only to a minor extent by the structure of the linking moiety. Covalent attachment of a DNA-binding moiety did not give rise to improved DNA-cleaving agents. However, trinuclear iron complexes did exhibit significantly enhanced ds cleavage activity, with complex 35, containing a rigid core, being the most efficient. Taken together, the present results demonstrate that by appropriate design of multinuclear non-heme iron complexes, efficient oxidative double-strand DNA cleavage can be achieved.
Experimental Section
Chemicals and methods: All reactions were performed under an inert atmosphere (N 2 or Ar). The N4Py-propylamine 9 was synthesized according to literature procedures and all data were in agreement with those published. [24, 42] Syntheses of 10-24 can be found in the Supporting Information.
pUC18 plasmid DNA, isolated from E. coli XL1 Blue, was purified using QIAGEN maxi kits. Concentrations were determined by means of both dilution gels and UV/Vis (A 260 ). Restriction enzymes and restriction buffers were purchased from New England Biolabs (NEB). Agarose used for the agarose slab gels was purchased from Invitrogen. A solution of number IV dye, consisting of 0.08 % bromophenol blue and 40 % sucrose (6 conc.) was added to the samples prior to electrophoresis. All gel experiments were run on 1.2 % agarose slab gels for at least 90 min at 70 V. Gels were stained in an ethidium bromide bath (1.0 mg mL À1 ) for 45 min. Pictures of the gel slabs were taken with a Spot Insight CCD camera and handled with the software program Spot (version 3.4). The bands on the film were quantified using the software program Gel-Pro Analyzer version 4.0.00.001.
DNA oxidation reactions: (NH 4 ) 2 Fe II A C H T U N G T R E N N U N G (SO 4 ) 2 (1 equiv per N4Py moiety)
was added to solutions of ligands 1-8 in H 2 O. The respective mixtures and a solution of dithiothreitol (DTT) were simultaneously added to a buffered solution (Tris-HCl, 10 mm, pH 8.0) of supercoiled pUC18 plasmid DNA (0.1 mg mL À1 ; 150 mm in base pairs) to give a final concentration of 1.0 mm iron complex, based on iron, and 1.0 mm DTT. The mixture, with a final volume of 50 mL, was incubated at 37 8C. At the times indicated, a sample (2 mL) was taken from the reaction mixture, diluted in water (15 mL; containing 1000 equiv of NaCN) and loading buffer (3 mL) and immediately frozen in liquid nitrogen. The samples were analyzed by gel electrophoresis. Results are the average of three independent runs. Statistical analysis was employed to calculate the amounts of ssc and dsc as described previously (see below). [28] Calculation of the uncertainty in the values by a Monte Carlo method: The uncertainties in the values of n and m were calculated by a Monte Carlo simulation using the software program Mathematica version 5.2.0.0. An algorithm was used to calculate the values of both n and m from 5000 pseudo-random generated fraction sizes of supercoiled, nicked, and linear DNA using the following equations: [6, 8] f m ¼ m Â e Àm ð1Þ
Equation (3) is the Freifelder-Trumbo relationship. In these equations, f I is the fraction of supercoiled DNA, f III is the fraction of linear DNA, m is the average number of double-strand cuts, n is the average number of single-strand cuts, h is the maximum distance in base pairs between nicks on opposite strands to generate a double-strand cut (i.e. 16), and L is the total number of base pairs of the DNA used (2686 bp for pUC18 plasmid DNA).
These pseudo-random generated fraction sizes are based on the experimentally obtained average value (based on three independent runs) and generated within a normal distribution based on a standard deviation of 0.03. This standard deviation was determined independently by 24 identical DNA oxidation experiments with supercoiled pUC18 plasmid DNA and FeA C H T U N G T R E N N U N G (N4Py) (vide supra; reaction quenched at t = 30 min) and is the largest standard deviation in the experiment.
Synthesis of ligands 2-4 and 7 general procedure: Two equivalents of the propylamine-substituted N4Py 9 were added to a solution (0.1 mm in CH 2 Cl 2 ) of one equivalent of the corresponding N-hydroxysuccinimideactivated diacid 10, 11, or 12. The mixture was stirred overnight at room temperature. It was then washed with water (3 10 mL) and dried over Na 2 SO 4 . After filtration, the filtrate was concentrated and the product was precipitated by adding Et 2 O. Further purification was achieved by size-exclusion chromatography on a Sephadex LH20 column using MeOH as the mobile phase. The fractions were analyzed by HPLC using method A (see the Supporting Information). After evaporation of the MeOH, the oily product was taken up in the minimum volume of CH 2 Cl 2 and the product was precipitated by adding Et 2 O. 2-(N-tert-Butyloxycarbonyl-3-aminopropoxy)-N 1 ,N 3 -bisisophthalamide (26): EDC (0.180 g, 1.16 mmol) and N,N-diisopropylethylamine (0.14 mL, 0.825 mmol) were added to a mixture of propylamine-N4Py derivative 9 (350 mg, 0.75 mmol), HOBt (112 mg, 0.825 mmol), and diacid 19 (127 mg, 0.375 mmol) in CH 2 Cl 2 (10 mL). The reaction mixture was stirred overnight at room temperature. The solvent was then removed and fresh CH 2 Cl 2 (20 mL) was added. The solution was washed with saturated aqueous NaHCO 3 solution (3 20 mL) and water (3 20 mL), and then dried over Na 2 SO 4 . Evaporation of the solvent gave 26 as a brown solid (322 mg, 0.261 mmol, 70 %). 1 (28): 26 (320 mg, 0.26 mmol) was dissolved in a mixture of CH 2 Cl 2 (10 mL) and TFA (1 mL). After stirring overnight at room temperature, 2 m aqueous NaOH was added until pH > 9. The resulting mixture was stirred for 15 min and then extracted with CH 2 Cl 2 (3 20 mL). The combined extracts were washed with water (3 20 mL) and dried over Na 2 SO 4 . Evaporation of the solvent gave 28 as a yellow solid (200 mg, 0.176 mmol, 68 %). 1 (6): A mixture of 28 (150 mg, 0.13 mmol), 9-chloroacridine (30 mg, 0.13 mmol), and phenol (1 g, 10 mmol) was heated at 80 8C for 2 h under an N 2 atmosphere. After cooling to room temperature, Et 2 O (5 mL) was added and the suspension was stirred for 15 min. The Et 2 O was then decanted off and fresh Et 2 O (5 mL) was added. The suspension was stirred for a further 5 min. This procedure was repeated
